The androgen receptor not only mediates prostate development but also serves as a key regulator of primary prostatic cancer growth. Although initially responsive to selective androgen receptor modulators (SARMs), which cause recruitment of the nuclear receptor-corepressor (N-CoR) complex, resistance invariably occurs, perhaps in response to inflammatory signals. Here we report that dismissal of nuclear receptor-corepressor complexes by specific signals or androgen receptor overexpression results in recruitment of many of the cohorts of coactivator complexes that permits SARMs and natural ligands to function as agonists. SARM-bound androgen receptors appear to exhibit failure to recruit specific components of the coactivators generally bound by liganded nuclear receptors, including cAMP response element-binding protein (CBP)͞p300 or coactivator-associated arginine methyltransferase 1 (CARM1) to the SARM-bound androgen receptor, although still causing transcriptional activation of androgen receptor target genes. SARM-bound androgen receptors use distinct LXXLL (L, leucine; X, any amino acid) helices in the p160 nuclear receptor interaction domains that may impose selective allosteric effects, providing a component of the molecular basis of differential responses to different classes of ligands by androgen receptor.
T he ability of many nuclear receptors to bind a variety of ligands, including antagonists that cause either a failure to respond or markedly diminished gene activation, raises intriguing issues about the molecular mechanism by which quantitative responses to ligands is regulated. One opportunity to investigate this issue is provided by androgen receptor, which can bind both ligands acting as strong agonists or can act to inhibit activation events.
The effects of androgens are mediated through the androgen receptor, a member of the nuclear receptor family functioning as a ligand-inducible transcription factor that regulates the expression of target genes having an androgen response element (1) . Analogous to other members of nuclear receptor superfamily, the androgen receptor contains a DNA-binding domain and a C-terminal ligand-binding domain functioning as liganddependent nuclear receptors with activation functions 1 and 2 (AF-1 and AF-2) transcription activation domains (2) (3) (4) . The integrity of the C-terminal AF-2 domain and recruitment of many cofactors including histone acetyltransferase (HAT)-containing proteins and the TRIP͞DRIP͞ARC complex are important for the transcriptional regulation. The AF-2 domain of nuclear receptors binds to p160 cofactors at the LXXLL motif (L, leucine; X, any amino acid), and these motifs were shown to confer helical conformation (5) (6) (7) (8) (9) (10) (11) (12) . The structural basis of estrogen receptor and coactivator recognition revealed that each of the ligands induces a different conformation of helix 12, and various antagonists block AF-2 function by disrupting the topography of the AF-2 structure (11, (13) (14) (15) (16) (17) (18) . The binding of antagonist did not trigger AF-2 activity, whereas the binding of agonist did (19) . A series of structural analyses of the ligandbinding domains of multiple nuclear receptors and the demonstration of altered conformations of the AF2 helix-and-loop in estrogen receptor on binding of distinct ligands (11, (14) (15) (16) (17) provides a context for further investigation. The androgen receptor not only mediates prostate development but also serves as a key regulator of primary prostatic cancer growth (20) .
Histone acetylation has emerged as a fundamental component of the control of gene activation so that various HATs stimulate transcription through acetylation of histones and other factors (reviewed in refs. [21] [22] [23] [24] . In addition to various coactivator proteins that have HAT activity, coactivator-associated arginine methyltransferase 1 (CARM1) was identified as the binding protein to the C-terminal region of p160 coactivators by using a yeast two-hybrid system (25) . The activation domain 1 of p160 coactivators binds CBP͞p300, and activation domain 2 of p160 coactivators binds CARM1 after propagating activating signals (25) . The presence of both protein methyltransferase and transcriptional coactivator activities in CARM1 suggests that methylation of histones or other proteins may play a role in transcriptional activation. However, a large series of enzymatic activities have been associated with coactivator complexes, including HATs, ''histone'' methyltransferases, ubiquitylation complexes, phosphatases, and protein kinases (reviewed in ref. 23) .
Conversely, histone deacetylases (HDACs) antagonize HAT activity and represses transcription. Thus, investigation of active repression of gene expression by unliganded nuclear receptors has led to the identification of the nuclear receptor-corepressor (N-CoR) (26) and a closely related silencing mediator for retinoic acid and thyroid hormone receptor (SMRT) (27, 28) . N-CoR and SMRT contain two nuclear receptor interaction domains and at least three repression domains that could transfer their active repression function by recruiting HDACs and other corepressors. Retinoic acid receptor (RAR) and thyroid hormone receptors (T 3 Rs) regulate both liganddependent activation and active repression by unliganded nuclear receptors (reviewed in ref. 23 ). Estrogen receptor ␣ (ER␣) can interact with N-CoR in the presence of antagonist such as 4-hydroxytamoxifen (4-OHT) (29) (30) (31) . Based on the genetic analysis, N-CoR proves to be required for repression by T 3 R and RAR and for the function of ER antagonists. N-CoR is present in many complexes, including TBL1͞TBLR1͞HDAC3͞GPS2 (31-35), TAB2͞HDAC3 (36), Sin3͞HDAC1͞HDAC 2 complexes (37) (38) (39) , and complexes containing SWI͞SNF-related proteins.
Sequences initially referred to as corepressor/nuclear receptor (CoRNR) box (40) or LXXX IXXX I͞L motif (38, 41) appear to bind in the hydrophobic pocket that is occupied by the coactivator LXXLL helical motifs on binding to ligand, but conformational effects of ligand binding inhibit the binding of corepressors, implicating the molecular mechanism for liganddependent displacement of the corepressor complex.
Based on the roles of N-CoRs in mediating repressive actions of specific nuclear receptors, including ER on binding of antagonists (29-31, 42, 43) , it becomes important to explore the potential roles of N-CoRs as required components for therapeutic effectiveness of selective androgen receptor (AR) modulators (SARMs), which function as antagonists in the specific tissue and promoter context.
In this article, we provide evidence that inflammatory signals such as IL-1␤ cause determination of the N-CoR͞TAB2 complex to convert androgen antagonists to agonists by permitting the recruitment of coactivators to AR target gene promoters, resulting in SARM-dependent activation of AR target genes less effective than that achieved by agonist binding, reflecting a usage of distinct LXXLL-helical motifs in recruitment of p160 factors in response to SARMs or agonists, which in turn causes an allosteric effect that determines that CBP͞P300 and CARM1 are no longer recruited in response to SARMs. These findings provide evidence for the molecular basis of the distinctions in quantitative responses in gene activation induced by agonists versus SARMs in the presence of signals that cause removal of the N-CoR complex.
Results

IL-1␤ Converts Androgen Antagonists to Function as Agonists.
The interaction between N-CoR and AR in the presence of SARMs, which is regulated by several signal transduction pathways, provides an opportunity for modulating tumor progression and drug resistance. Proinflammatory cytokines, such as IL-1␤, cause nuclear export of the N-CoR͞TAB2 complex, resulting in derepression of the N-CoR-mediated repression of NF-B p50 homodimer gene targets in the nucleus (36) . Treatment with IL-1␤ caused cyproterone acetate (CPA) or bicalutamide to function as an agonist of AR (Fig. 1A) .
Evaluation of the Roles of Coactivators in 5␣-Dihydrotestosterone (DHT) and SARM-Dependent Activation.
Having demonstrated that SARMs function as agonists in response to IL-1␤, we asked in this case whether the transcription machinery used in response to SARMs is identical to that used by native activating ligand, especially because the magnitude of transcriptional activation is quite diminished (Ϸ3-to 5-fold) in response to SARMs. We therefore compared the potential ligand-specific difference in the temporal patterns of recruitment of various coactivator proteins with the AR-dependent transcription complex, and the relationship of these events to the state of histone acetylation on the PSA promoter. We found that many components of various coactivator complexes, including p160 factors (p͞CIP, GRIP1, and SRC-1), pCAF, Tip60, PBP [a coactivator of peroxisome proliferator-activated receptor (PPAR)], thyroid hormone receptors, and Sp1 complexes, were recruited to the PSA promoter by both DHT-bound AR and by SARM-bound AR in IL-1␤-treated cells (Fig. 1B) . However, it appears that SARM-bound AR recruited certain coactivators only transiently or at a relatively later stage. Despite the ligands used, recruitment of many complexes including p160 members and a chromatin remodeling component such as Brg1, is a later event (Fig. 1B) .
To investigate whether cohorts of coactivator complexes are simultaneously or selectively recruited to the identical PSA promoters, we performed sequential chromatin immunoprecipitation (ChIP) experiments in the presence of either DHT-or IL-1␤͞SARM-treated cells (Fig. 2 A and B) , by using ␣Tip60 IgG for this two-step ChIP. Interestingly, however, we found that specific HAT-containing complexes, including CBP͞p300, p͞CAF, and SRG1, were not corecruited with Tip60 to the PSA promoter (Fig. 2) . In the presence of IL-1␤ and SARM, Tip60 was also corecruited with BRG1, p͞CIP, and GRIP1 complexes, but again not with other HAT-containing coactivator complexes, e.g., SRC-1 (Fig. 2) . These experiments suggest that an ordered recruitment of distinct combinations of HAT-containing coac- tivator complexes (e.g., Tip60, CBP͞p300, p͞CAF, and SRC-1) occurs in ligand-dependent transcriptional activation of the PSA promoter. Corecruitment of one of several possible HATcontaining coactivator complexes may be sufficient to achieve transcriptional activation of the PSA promoter.
Failure to Recruit CBP͞p300 Coactivators and CARM1 Methyltransferase in SARM-Dependent Activation in IL-1␤-Treated Cells. Although many coactivator complexes are recruited both by DHT and by SARMs, we did identify a striking difference in coactivator recruitment by SARMs compared with DHT. Intriguingly, agonistic activity of SARMs in the presence of IL-1␤ was achieved in the absence of the recruitment of CBP͞p300 or CARM1 (Fig. 3A) , both of which are recruited to the C-terminal domain of the p160 proteins (25, 44) . Furthermore, DHTdependent, but not SARM-dependent, activation of the PSA promoter was correlated with methylation of histone H3 at R17 and R26, but not histone H4 at R3, indicating that CARM1-mediated methylation at R17 and R26 of histone H3 takes place during DHT-dependent transcriptional activation events but does not occur in response to SARMs (Fig. 3A) . The acetylation of histone H3 at K9 and K14 was observed both in DHT-and in SARM-mediated activation, which correlates with a transcriptionally active modification pattern (data not shown).
To determine whether the failure to recruit CBP͞p300 and CARM1 was unique to the PSA promoter in LNCaP cells, we examined their potential recruitment to other AR-dependent promoters such as KLK2 and found a failure of recruitment of CBP͞p300 and CARM1 in the presence of IL-1␤ and SARM to the promoter and absence of methylation at R17 and R26 of H3 (Fig. 3B) . Furthermore, failure of CBP͞p300 and CARM1 recruitment in response to CPA or bicalutamide-mediated stimulation was also observed in LNCaP cells expressing high levels of AR, where SARMs display agonist activity (45) .
The differential recruitment of CBP͞p300 and CARM1 by DHT versus SARMs was unexpected and raised the possibility that these proteins may have nonessential functions on DHTactivated promoters. However, microinjection of specific ␣CBP͞ p300 IgGs or small interfering RNAs (siRNAs) against CBP͞ p300 markedly inhibited DHT-dependent activation but exerted no effect on the activation by IL-1␤ and SARMs (Fig. 3C and  data not shown) . Surprisingly, plasmids expressing either the functional CBP or mutant CBP with impaired HAT enzymatic function were able to rescue the activation function of DHT, indicating that the functional HAT enzymatic activity of CBP was not required for the DHT-dependent activation (Fig. 3D) . Because histone H3͞4 acetylation is observed for agonists and SARM͞IL-1␤-mediated activation, other HAT-containing complexes, particularly those containing Tip60, p͞CAF, and͞or p160 members must exert histone acetylation functions for SARMdependent gene activation. Indeed, the HAT activities of both p͞CAF and Tip60 were shown to be required for both DHT and SARM-dependent activation events by using the single-cell nuclear microinjection assay (data not shown).
Similarly, microinjection of specific antibodies or siRNA against CARM1 blocked DHT-dependent activation without any effect on SARM-dependent activation in IL-1␤-treated cells (Fig. 3C and data not shown) . In each case, injection of plasmids expressing functional CARM1 from a heterologous species, and thus resistant to the siRNA used, reversed the effect of CARM1 siRNA. However, unlike CBP͞p300, mutant CARM1 with impaired enzymatic function (26) did not rescue the effects of CARM1 siRNA, suggesting that functional arginine methyltransferase activity is required for the DHT-dependent activation (Fig. 3E) , consistent with the observed methylation of histone H3 at R17 and R26 (Fig. 3 A and B) .
Differential Mode of p160 Factors Is Required for the DHT Versus
SARM-Dependent Activation. These findings raise the issue of the molecular mechanisms underlying differential recruitment of CBP͞p300 and CARM1 by DHT versus SARMs. Because CBP͞p300 and CARM1 are recruited by p160 cofactors (26), we investigated whether failure of their recruitment might reflect a difference in mode of p160 cofactor recruitment in response to SARMs. This possible mechanism was investigated by using specific anti-SRC-1 blocking IgG, which largely abrogates acti- vation function of AR bound to agonist (Fig. 4A) . Overexpression of wild-type SRC-1 restored AR agonist actions to both DHT and SARMs of IL-1␤-pretreated cells (Fig. 4A) . We therefore evaluated the requirement for the three LXXLL helices (LXDs) of the nuclear receptor interaction domains (6, 12) . LXD1, as well as LXD2, was selectively required for the DHT-mediated activation, whereas LXD3, as well as LXD2, was specifically required for activation of SARMs (Fig. 4 B and C) . Thus, it appears that, because DHT and SARMs induce distinct AR conformations of the AF-2 helices, the result is preferential binding to LXD1 and LXD3 of SRC-1, respectively. We postulate that these different binding interactions alter the conformation of SRC-1 and, hence, the subsequent assembly of the full transcription complex.
Consistent with the role of N-CoR in SARM actions, AR levels are consistently up-regulated in hormone-refractory prostate cancer, causing a failure of N-CoR recruitment by SARMs (45) , further supporting the hypothesis that N-CoR is a key determinant of SARM function. In the AR-overexpressed prostate cancer cell line, a failure of recruitment of CBP͞p300 or CARM1 was again observed in response to CPA or bicalutamide-mediated stimulation, whereas all other coactivators examined, such as SRC-1, were recruited to the AR target gene promoters, PSA and p21 (Fig. 4D and data not shown) . Thus, whether dismissal of N-CoR complexes occurs in response to specific signals or to AR overexpression, the specificity of coactivator complex recruitment in response to agonist or antagonists is distinct for different target genes.
Discussion Molecular Mechanisms of Differential Gene Activation by DHT and
SARMs. In the absence of N-CoR, SARMs activate AR target genes, although not as robustly as native agonists, permitting clarification of molecular mechanisms that regulate transcriptional response to distinct ligands. Recruitment of most coactivator complexes was conserved and independent of ligand; however, a striking difference observed in SARM-dependent activation was that neither CBP͞p300 nor CARM1 was recruited, nor were they required for activation. This result potentially provides, at least in part, the explanation of why SARMs are somewhat less effective than native agonists in levels of gene activation, even with corepressor dismissal. Because CARM1 is required by p160 factors, we investigated the potential differential modes of p160 factor recruitment in response to SARMs. Indeed, there were ligand-specific differences in the usage the three LXDs of the nuclear receptor interaction domains of p160 factors. LXD1 and LXD2 in SRC-1 are required for DHTmediated activation, whereas LXD3 and LXD2 in SRC-1 are required for the activation of SARMs. Because recruitment of p160 factors by agonists and SARMs involves use of distinct LXXLL helical motifs in the nuclear receptor interaction domain, an allosteric mechanism can be suggested to account for the observation that the p160-dependent recruitment of CARM1, as well as CBP͞p300, does not occur in CPA͞ bicalutamide-dependent activation of gene targets either in the presence of IL-1␤ or with AR overexpression.
Although neither CARM1-dependent methylation of histones nor CBP͞p300 are required for AR-dependent gene activation with antagonist, these factors are required for full agonistdependent gene activation. Because RNA profiling experiments show that there is a much decreased quantitative response in bicalutamide-dependent transcription units, which mimics a weak agonist function (44), we postulate that CARM1 and CBP͞p300 recruitment in this case accounts for this quantitative difference in agonist versus antagonist activation (Fig. 3A) . The implication of these data is that different ligands cause allosteric modification of recruited coactivators, and, hence, composition of coactivator complexes accounts for ligand-specific differences in transcriptional outcome. These findings are of particular interest because of the findings that many nuclear receptors contain multiple LXXLL helical motifs (6, (11) (12) (15) (16) (17) . Thus, we suggest that this finding potentially provides a ''rule'' for allosteric regulation: By binding distinct LXXLL motifs, conformational changes in these platform proteins change the ability to recruit specific cofactors, thereby setting the fine-tuned transcriptional response. Together, these findings provide mechanistic insights into SARM actions in prostate cancer, revealing the unique coactivator complex recruitment in response to different ligands as a basic consequence of ligand-dependent effects on AR C-terminal conformation (Fig. 4E) .
Experimental Procedures
Materials and Reagents. The following antibodies were obtained from Santa Cruz Biotechnology: anti-AR, anti-HDAC1, anti-HDAC2, anti-HDAC3, anti-MBD3, anti-MEKK1, anti-MEK1, anti-CBP, anti-p300, anti-p͞CAF, anti-SRC1, anti-p͞CIP, anti-GRIP1, anti-PBP, anti-BRG1, and anti-mSin3A͞B. The following commercially available antibodies were used: anti-Tip60, anti-CARM1, anti-acetylated histone H3, anti-acetylated histone H4, anti-dimethyl-histone H3(R17), anti-dimethyl-histone H3(R26), and anti-dimethyl-histone H4(R3) (Upstate Biotechnology, Lake Placid, NY), anti-RNA polymerase II antibodies (Berkeley Antibody, Richmond, CA). Fluorogenic histone deacetylase substrate [Boc-Lys(Ac)-7-amino-4-methylcoumarin] and human IL-1␤ were from Calbiochem. DHT and CPA were purchased from Sigma.
siRNA. Sequences for siRNA were as follows: for N-CoR (5Ј-GCACCGAAGUAUUGUCCAA-3Ј) and for CARM1 (5Ј-CUUCUGGUACCAGCCAUCU-3Ј). siRNA pool for HDAC1, HDAC3, and nonspecific control (SMARTpool HDAC1 and HDAC3) were purchased from Dharmacon Research (Lafayette, CO).
Single-Cell Nuclear Microinjection Assays. Microinjection assays were carried out as described in refs. 46 and 47. Each experiment was performed on three independent coverslips consisting of 1,000 cells, with Ͼ300 cells injected. Where no experimental antibody was used, preimmune rabbit or guinea pig IgG was coinjected, allowing the unambiguous identification of injected cells in addition to serving as a preimmune control. Antibodies to HDACs are as described in ref. 47 .
ChIP Assays. The ChIP assay was conducted as described in refs. [44] [45] [46] , with average size of sheared fragments Ϸ300-500 bp. For PCR, 1 l from 50 l of DNA extract and 25-30 cycles of amplification were used. 
